The increased number of bispecific antibodies (BsAb) under therapeutic development has resulted in a need for mouse surrogate BsAbs. Here, we describe a one-step method for generating highly pure mouse BsAbs suitable for in vitro and in vivo studies. We identify two mutations in the mouse IgG2a and IgG2b Fc region: one that eliminates protein A binding and one that enhances protein A binding by 8-fold. We show that BsAbs harboring these mutations can be purified from the residual parental monoclonal antibodies in one step using protein A affinity chromatography. The structural basis for the effects of these mutations was analyzed by X-ray crystallography. While the mutation that disrupted protein A binding also inhibited FcRn interaction, a bispecific mutant in which one subunit retained the ability to bind protein A could still interact with FcRn. Pharmacokinetic analysis of the serum half-lives of the mutants showed that the mutant BsAb had a serum half-life comparable to a wild-type Ab. The results describe a rapid method for generating panels of mouse BsAbs that could be used in mouse studies.
Introduction
Therapeutic biologics programs are increasingly turning to bispecific antibodies (BsAbs), which are Abs containing two distinct antigen binding (Fab) regions. Indeed, many such bispecific therapeutics for dual-antigen targeting, cell redirection efforts, and immune checkpoint modulation are currently in clinical trials, [1] [2] [3] although high-throughput production of highly pure BsAbs presents challenges. The development of human IgG-based BsAbs to be generated on a manufacturing scale was initially limited by the difficulty of separating the desired BsAb from undesired antibody species that could be present in production mixtures. 4 For example, BsAb can be generated by co-transfection of two heavy chains (HC) and two light chains (LC), resulting in a small amount (< 10%) of desired BsAb among a majority of contaminating species, but this approach is not feasible for large-scale or high-throughput efforts. Although novel F v -based molecules and non-IgG based scaffolds can alleviate HC-HC and HC-LC pairing issues, 5 IgG-based bispecific molecules are often attractive on the basis of their longer serum half-lives, lower likelihood of having antidrug responses, and their amenability to engineering to modulate Fc effector functions such as antibody-dependent cellmediated cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis (ADCP).
Thus, substantial effort has been put into optimizing pairing between HC-HC and between HC-LC. To generate BsAbs, the HC molecules require heterodimerization while the LC molecules must pair with the correct cognate HC. Some examples of successful strategies to influence HC-HC pairing include knobs-into-holes (KIH), 6 electrostatic steering, 7 and controlled Fab arm exchange (cFAE). [8] [9] [10] These methods all involve introduction of complementary mutations into the C H 3 domain to favor formation of heterodimerization of Fc regions. To generate BsAb by co-transfection of HC plasmids requires additional methods to ensure correct HC-LC pairing. 4, 11, 12 The cFAE method ensures proper HC-LC pairing by using separately expressed and purified parental mAbs containing the complementary HC mutations F405L or K409R. The parental mAbs) that are mixed and incubated under mild reducing conditions and subsequent oxidation. The reaction generally results in greater than 90% heterodimer formation of human IgG1 BsAb, 8 and was later shown to be effective when separately expressed mAbs are subjected to cFAE directly from culture supernatants. 13 To better validate the therapeutic efficacy of IgG biologics, drug discovery programs frequently use mouse IgG Abs as surrogates for in vivo studies, particularly mouse IgG2a and mouse IgG2b since they display greater Fcg receptor-mediated effector function compared with mouse IgG1 and mouse IgG3 Abs.
14 Mouse IgG2a and IgG2b Abs can be generated by cFAE, although efficient BsAb formation requires two additional mutations (T/V370K, F405L and K409R, R411T) to favor HC pairing. 15 Mouse BsAbs have also been generated by other methods, including KIH technology. 16, 17 While these methods can lead to relatively efficient BsAb formation, removal of contaminating parental mAb and Ab fragments is still required, especially in cases where parental Ab can have a confounding effect on experimental results. Additionally, in cases where parental mAbs are co-transfected, expression levels of each polypeptide chain results in significant populations of undesired contaminating species. Removal of these species, which can have similar biophysical characteristics as the desired BsAb, can be time consuming. Thus, methods for high-throughput purification of mouse BsAb heterodimers are of critical importance.
Large scale and high-throughput purification of bispecific IgG molecules requires robust, preferably single-step purification methods that use commercially available resins, such as those based on staphylococcal protein A. Stabilityenhancing mutations introduced into a domain of protein A led to a synthetic fragment termed the Z-domain. 18 Tandem Z-domains have been engineered into commercial Fc affinity resins that are resistant to high pH treatment and which bind only the Fc region. 19, 20 Abs are purified using Z-domain affinity resin by binding at neutral pH and eluting in acidic pH buffer. The pH value at which IgG can be eluted from protein A resin depends on its affinity for protein A. In fact, differences in affinities for protein A have been observed between IgG isotypes, and these affinity differences result in different pH values at which they can be eluted from immobilized protein A. 21, 22 Modulation of the protein A binding characteristics of Abs can significantly decrease serum half-life since both protein A and the neonatal Fc receptor (FcRn) share a binding site on the Fc. 23 FcRn is largely responsible for maintaining the long serum half-life of IgG [24] [25] [26] [27] [28] [29] via its ability to bind with high affinity to IgG at acidic pH (< 6.5) in the recycling endosome and to dissociate at neutral pH, releasing the IgG back into the serum and thus saving IgG from lysosomal degradation. 30, 31 For example, mutation of isoleucine at position 253 (I253), which is conserved across human and mouse IgG molecules, to alanine almost entirely abolishes binding to FcRn. 32, 33 We sought to develop a higher-throughput method to purify BsAb from contaminating parental mAbs and Ab fragments. We hypothesized that two different mouse IgG variants that bound Z-domain with different affinities could be separated by protein A-affinity chromatography at different pH values, allowing one-step generation of BsAb, analogous to a previous effort using human IgG1 Abs. 34 Here, we describe two sets of mutations in mouse IgG2a and IgG2b, one which abolished protein A binding and one which, remarkably, enhanced protein A binding. BsAbs in which each heavy chain harbored one of these mutations were separated from the residual parental mAbs by step elution from protein A resin at different pH values. We analyzed the effects of these mutation sets on Fc receptor interaction in vitro and on serum half-life in vivo. The structural basis for the effects of these mutations was determined by X-ray crystallography. Combined, the results described a method for one-step purification of > 95% pure mouse BsAb having serum half-lives comparable to wild-type mouse Abs.
Results

Rationale for mutations and their effects on protein A binding
We measured the affinity of IgG molecules for protein A by isothermal titration calorimetry (ITC) using a previously described synthetic three-helix Z-domain derived from protein A (Supplementary Fig. 1a) . 18 As a control, the affinity (K D ) of human IgG1 for Z-domain was measured as 23 nM (Table 1 , Supplementary Fig. 1b) , which was similar to previously reported measurements. 19 Supplementary Fig. 1c and d ). Since mutation of the highly conserved I253 was known to disrupt protein A binding, 32, 33 we introduced I253D to generate a weak-binding parental Ab. Mutation of isoleucine 253 to aspartate (I253D) in mouse IgG2a or IgG2b abolished binding to Z-domain (Fig. 1a,  Supplementary Fig. 1e ). Because of the weaker binding of mouse IgG2a and IgG2b relative to human IgG1, we sought to identify mutations that would enhance binding to protein A, leading to a parental Ab that would elute only at low pH. IgG binds Zdomain using three loops in the Fc region, two from the C H 2 and one from C H 3 domain. 38 By sequence comparison of mouse and human IgG Fc regions, we identified P307 and Q309 in mouse IgG2a and IgG2b, which are conserved in mouse IgG2a, IgG2b, and IgG3 but differ in human IgG1, as potentially contributing to the difference in affinity (Supplementary Fig. 2a ). Human IgG1, which binds Z-domain much more tightly, contains threonine 307 (T307) and leucine (L309), which contribute to high affinity protein A binding.
The mutations proline 307 to threonine (P307T) and glutamine 309 to leucine (Q309L) increased the affinity of mouse IgG2b for Z-domain by »8-fold relative to wild-type mouse IgG2b and provided a modest affinity increase for mouse IgG2a (Fig. 1a, Supplementary Fig. 2b , Table 1 ). The difference in affinity of the mutants for Z-domain resulted in elution from immobilized protein A resin at a lower pH than a wild-type mouse Ab at the same ionic strength (Fig. 1b) . We hypothesized that if the difference in elution pH for mouse Abs possessing the I253D or the P307T, Q309L mutations was large, then a mouse BsAb, wherein each heavy chain subunit harbored one of the mutation sets would elute at an intermediate pH value. Thus, the mouse BsAb could be purified from contaminating parental mouse mAbs using a pH step-gradient.
Purification of mutant bispecific antibodies
We tested whether differences in affinity would result in different pH values at which the mouse IgG2a and IgG2b variants could be eluted from protein A resin. Note that the affinity resin (mAbSelect SuRe, GE Healthcare), which comprised tandem Z-domain moieties, has a higher affinity for the Fc than native protein A and does not bind the Fab region. 20 The binding between mouse IgG and Z-domain peptide was confirmed to be solely within the Fc since Z-domain bound to the Fc (containing the P307T, Q309L mutations) alone with an affinity similar to that of the full-length mouse mAb (Table 1, Supplementary Fig. 2c ). Wild-type mouse IgG2b eluted at pH 4.4 from the resin (Fig. 1b) . As expected, the mouse IgG2b I253D mutant did not bind the resin, and eluted in the flowthrough at pH 7.2, while the P307T, Q309L mutant eluted only at pH 3.4. The large difference in elution pH between the two mutants suggested that a mouse BsAb, with each heavy chain subunit harboring one of these two mutation sets, would elute at an intermediate pH, allowing its purification from the mutant parental mouse mAbs.
To test this hypothesis, we first prepared a mouse IgG2b BsAb using the cFAE method. 8 To test whether the BsAb could be efficiently purified by differential protein A elution, the BsAb solution was mixed with the two parental mAbs at an equimolar ratio. This mixture of parental and bispecific mouse Abs were resolved by a multiple pH step elution (Fig. 1c) . The composition of each elution step was analyzed by hydrophobic interaction chromatography (HIC), which showed that the I253D Abs could be separated from the P307T, Q309L Abs based on the different hydrophobicity of their Fab regions (Fig. 1d) . The flowthrough was found to contain the I253D parental mAb, while the pH 4.0 eluent contained only BsAb, and the pH 3.4 eluent contained almost exclusively (> 95%) parental mAb harboring the P307T, Q309L mutation.
We introduced the mutations into a mouse IgG2a framework, and analyzed them in the same way. Mutation of T370K further improved yields of mouse BsAb during cFAE when combined with K409R, so this mutation was included for the mouse IgG2a studies (data not shown). As expected, mouse IgG2a harboring the I253D mutation did not bind Z-domain and thus flowed through the affinity column during a wash step ( Supplementary  Fig. 3a) . Surprisingly, although mouse IgG2a P307T, Q309L bound Z-domain more tightly than the corresponding mouse IgG2b variant at pH 7.2 (K D » 126 nM vs 468 nM), this mouse IgG2a variant eluted at higher pH values (4.4 vs 3.4). This was also true of the wild-type mouse molecules (Table 1) . However, the introduction of the P307T, Q309L mutations provided a modest improvement in affinity and decreased the elution pH of mouse IgG2a Abs, allowing these molecules to be eluted at lower pH values. An equimolar mixture of an I253D parental mouse mAb, a P307T, Q309L parental mouse mAb, and the resultant mouse BsAb (» 33% purity of each species), was separated using a 3-step pH gradient (pH 7.2, 4.9, and 3.4), allowing the mouse BsAb to be purified to » 82% purity ( Supplementary Fig. 3 ), based on HIC analysis.
We also tested the purification of a muIgG2b BsAb formed in culture supernatants. A mixture of culture supernatants containing approximately equimolar amounts of parental mAbs with either I253D or P307T, Q309L mutations was prepared and subjected to in-supernatant cFAE as described. 13 The mixture was then purified by protein A-affinity chromatography using a step gradient, and the fractions were analyzed by HIC ( Supplementary Fig. 4 ). The intermediate pH elution contained > 95% pure mouse BsAb while the low pH elution (pH 3.4) contained < 3% residual BsAb, having » 97% P307T, Q309L parental Ab. This result showed that the differential protein A purification method was also amenable to purification from insupernatant cFAE-derived material.
Analysis of Fc receptor interaction and serum half-life
To assay the extent to which the mutations affected FcRn binding, we used two in vitro methods. In an AlphaScreen competition-based assay (Perkin Elmer), the binding of a labeled mouse IgG to labeled mouse FcRn results in a luminescence signal. The binding was competed using unlabeled wild-type Ab or different mutant Abs, resulting in a dose-dependent decrease in signal (Fig. 2a) . We also measured the relative onand off-rates of Fc receptor binding by surface bilayer interferometry ( Supplementary Fig. 5 ). At pH 6.0, the mutant mouse IgG2b parental Ab harboring P307T, Q309L on both heavy chain subunits competed as well as wild-type mouse IgG2b for FcRn, indicating that this mutation had no effect on FcRn binding (concentration at half-maximal signal of » 0.03 mg/mL) (Fig. 2a) . Conversely, the mutant containing I253D on both heavy chain subunits could not compete for FcRn binding up to 2 mg/mL, consistent with previous reports. 33 Interestingly, the mouse BsAb in which one heavy chain subunit contained I253D while the other heavy chain subunit contained P307T, Q309L could compete for FcRn with a half-maximal signal at 0.1 mg/mL. This suggested that while this molecule was impaired for FcRn binding, the activity could be rescued to some extent by having a single functional Fc subunit.
Using surface bilayer interferometry, we confirmed the effects of the mutations on the abilities of the IgG2b variants to bind FcRn (Supplementary Fig. 5a ). The results, consistent with those from AlphaScreen, showed the IgG2b I253D parental Ab displayed almost no binding to FcRn. This was also true for IgG2a I253D parental Ab. For IgG2b, the P307T, Q309L parental Ab bound FcRn equally as well as wild-type IgG2b, whereas the analogous mutant in IgG2a displayed somewhat tighter binding to FcRn, having a relative k on » 2.7-fold faster compared to wild-type IgG2a. FcRn binds to the C H 2-C H 3 interface of the Fc, whereas other Fcg receptors bind to the upper C H 2 region, 39 suggesting that the mutations would have little effect on binding. To confirm this, we analyzed the abilities of the mutants to bind mouse FcgRI, FcgRIIb, FcgRIII, and FcgRIV. All the mutants displayed on-and off-rates of binding within two-fold of the wild-type antibodies, except in the case of IgG2b binding to FcgRI. In this case, the I253D appeared to confer weak binding to the receptor whereas wildtype IgG2b had very low binding to FcgRI. The mechanism by which the I253D point mutation conferred slightly enhanced binding to FcgRI was unknown, since this mutation had no apparent effect on the ability of IgG2a to bind FcgRI. Overall, the mutations had little effect on Fcg receptor interaction, suggesting that they would have similar effector functions in vivo.
We then examined how in vitro binding to FcRn would manifest with respect to the serum half-life of mouse IgG2b variants. A pharmacokinetic (PK) study was performed to evaluate the effect of the two sets of mutations (I253D or P307T, Q309L) on the serum half-lives of mouse IgG2b and IgG2a Abs harboring the mutation on both heavy chains and on a BsAb harboring one set of mutations on each heavy chain subunit. C57Bl/6 mice were injected intravenously with a single dose of the antibody, and serum levels of each Ab were measured by ELISA over 21 d (Fig. 2B, Table 2 , Supplementary Fig. 3C ). After » 1 h, the clearance rates of all Abs were approximately linear. The I253D parental Ab was cleared from serum rapidlyhaving a serum half-life of approximately 1.7 d or 0.5 d for the IgG2b or IgG2a isotype, respectively. In the case of the IgG2b isotype, the Ab harboring the P307T, Q309L mutations had a serum half-life of 5.4 days, which was similar to that of the two wild-type parental Abs, which had serum half-lives of 5.5 or 5.7 days (Fig. 2B) . The BsAb harboring the I253D mutation on one arm and the P307T, Q309L mutations on the other arm, had a half-life of 4.8 days, which was intermediate between the half-lives of its two parental Abs, but was closer to a wild-type half-life than it was to the I253D parental Ab. Analogous to IgG2b Abs, the IgG2a BsAb had a half-life value (t/12 D 8.8 d) that was intermediate between that of the two parental Abs (» 14.5 or 9.3 d), but closer to the wild-type Ab ( Supplementary  Fig. 3C ). This result was consistent with previous observations that antibodies require only a single Fc subunit competent for FcRn binding to retain a long serum half-life. 40 Consistently, the BsAbs had maximum drug concentration or Cmax and area under the curve (AUC) values similar to their wild-type parental Abs (Table 2) . Together, these results show that mouse IgG2a and IgG2b BsAbs harboring the I253D x P307T, Q309L mutations are suitable for in vivo studies, since they have halflive values comparable to that of wild-type Abs. However, they are cleared slightly faster, likely due to having only a single Fc subunit capable of binding FcRn.
Crystal structure of Z34C bound to heterodimeric mouse IgG2b Fc
In an effort to determine the structural basis by which the I253D and P307T, Q309L mutations affected binding to protein A, we determined the crystal structure to 2.7 A resolution of a heterodimeric Fc harboring the two mutation sets on opposing chains in complex with Z34C, 37 a peptide analog of the Z-domain. (Fig. 3, Supplementary Fig. 1a ). While Z34C lacked the third helix contained in the canonical Z-domain, it bound mouse IgG2b with similar affinity (K D D 2.6 mM vs 3.6 mM) (Supplementary Fig. 6a ). Although the peptide was added in greater than two-fold excess of Fc dimer, the asymmetric unit contained a single copy of the heterodimeric Fc with Z34C bound to only to the chain harboring the P307T, Q309L mutations. The equivalent binding site on the opposite chain was blocked by a symmetry-related Fc molecule (Fig. 3a) . The electron density maps confirmed that the subunit bound by Z34C contained the P307T and Q309L mutations (Supplementary Fig. 6b) , consistent with the enhanced affinity of these mutants for protein A. The electron densities for the side chain for the I253D mutation as well as the Z34C peptide were also clearly resolved ( Supplementary Fig. 6c, d) .
The mode of binding of Z34C at the C H 2-C H 3 interface of the P307T, Q309L-containing chain was similar to that observed for its interaction with human IgG1 Fc (PDB 1L6X; Supplementary  Fig. 7) . Interactions involving the C-terminal helix of Z34C were limited to the C H 2 domain, whereas the N-terminal helix interacted with both C H 2 and C H 3 domains (Fig. 3b) . The side chain of P307T adopted a different rotamer than what was observed in the structure of the human IgG1 complex. In the case of the latter, the side chain of T307 formed a hydrogen bond with the side chain of N286 from the C H 2 domain, which was a threonine in mouse IgG2b ( Supplementary Fig. 7b ). Neither T307 in the human IgG1 structure nor P307T in the present mouse IgG2b structure were within contact distance of bound Z34C peptide. In the case of the latter, the distance of closest approach was 5.7 A between P307T atom Cg2 and the Nh2 atom of R31 in Z34C. Similarly, interactions of Q309L with Z34C were limited, with only the Cd1 atom of Q309L falling within 5 A of the sidechain of Z34C residue N24 (Fig. 3c) . In the P307T, Q309L chain, I253 was positioned on a hydrophobic surface of the Z34C peptide packing between the phenyl ring of F9 and the hydrophobic portion of the R31 sidechain.
P307T and Q309L mutations were not found to result in any large backbone perturbations relative to wild-type mouse IgG2b (PDB 2RGS; Supplementary Fig. 8 ). Alignment of extended main chain atoms of the C H 2 domain from the P307T, Q309L-containing chain with the C H 2 domain from chain A in PDB 2RGS resulted in a positional root mean square deviation (r.m. s.d.) over the same atoms of 0.8 A . Based on this alignment, the short stretch of sequence from T305 to Q311 encompassing the sites of mutation had an r.m.s.d. of 0.5 A . The most notable change in structure in the vicinity of the bound peptide relative to wild type mouse IgG2b Fc region (PDB 2RGS) was an altered side chain conformation for Q311 that was required to avoid a clash with Z34C residue N24 (Fig. 3d) . The I253D mutation on the opposing Fc chain was also found to result in no significant change in backbone conformation relative to wild-type mouse IgG2b (PDB 2RGS; Supplementary Fig. 8 
Discussion
Multispecific Abs are an increasingly important part of the biological therapeutic repertoire, but they require more effort than mAbs to produce with high yield and purity. The presence of contaminating Ab fragments or parental Abs in differing concentrations can result in irreproducible functional responses that are required for hit selection and validation. The results of this work led to a method that can significantly accelerate the production of highly pure mouse BsAbs. We identified two sets of mutations in the C H 2 domain (I253D and P307T, Q309L) that can be incorporated into a set of parental mouse IgG2a or IgG2b molecules for cFAE to allow the formation of mouse BsAb that could be simultaneously purified, re-oxidized, and purified using differential protein A purification from mixed supernatants of parental mAb expression cultures. Conceptually, similar methods exist for human IgG1 BsAbs, wherein one parental Ab contains the H435R, Y436F mutations in the CH3 domain that completely abolish protein A binding. 34, 41 Thus, the formation of a BsAb using the aforementioned construct with the wild-type human IgG1 Ab that binds to protein A with high affinity requires no additional mutations to allow efficient purification of the BsAb. Nonetheless, we have developed a method specifically for mouse IgG2a and IgG2b BsAbs that allows higher throughput purification of the BsAb with little effects on Fc receptor interactions and that should be generally applicable to any mouse Ab subtypes.
One caveat to this method was that the BsAb must be eluted at a pH value just below that at which the molecule was retained on the resin. As a result, greater elution volumes were required to obtain high yields. Nevertheless, the resulting highly pure mouse BsAb molecules retained a serum half-life comparable to wild-type mouse Abs, suggesting that the mutant mouse BsAbs prepared in this way were amenable for in vivo studies.
Mouse surrogate models play a critical role in research and development. As a result of their different affinities for Fcg receptors, mouse IgG isotypes and subtypes vary significantly in their abilities to modulate effector functions such as ADCC and ADCP. Mouse IgG2a and IgG2b with active Fc regions are commonly used for surrogate studies requiring mouse immune cell activity. The mutations introduced here were unlikely to affect these functions because interactions with Fcg receptors occurred mainly through the regions of the C H 2 domains closest to the hinge region.
While the PK results correlated with in vitro FcRn binding results, the extent to which the effects of the I253D mutation could be rescued by pairing with a P307T, Q309L heavy chain subunit was unexpected. In particular, the presence of a single FcRn-binding subunit was sufficient to increase the serum halflife from »1 to 5 days. However, serum, half-life can also be influenced by Fab identity, 42, 43 and indeed the Fab contained in the P307T, Q309L parental may have conferred a modestly extended half-life for IgG2a Abs (Fig. 2b) . However, in this example, the effect of Fab identity was less significant than the effects of direct binding site mutations, supporting the suggestion that these bispecific mutants are suitable for in vivo studies.
We determined the crystal structure of a heterodimeric mouse IgG2b mutant Fc harboring the I253D mutation in one chain and P307T and Q309L mutations in the other in complex with the protein A analog peptide Z34C. Ten of 15 residues having side chains involved in contacts with the Fc were identical between Z34C and the Z-domain construct used in ITC studies. 35, 44 For two of the five positions that differed from Zdomain, only a single contact involving an atom of the side chain and the Fc was observed. The Cb atom of Z34C residue C5 was positioned 4.6 A from the Cg2 atom of Fc residue I253, and the Cg2 of Z34C residue I30 was positioned 4.8 A from the Cg1 of the same Fc residue. The side chain of Z34C residue R7, an asparagine in Z-domain, made contacts with a single residue (N434) in the C H 3 domain. Contacts involving the side chain of M3, a lysine in Z-domain, were similarly limited to N434 and Y436 in the C H 3 domain. The fifth position of difference, R31 in Z34C, was conserved as a lysine in the Z-domain. The residues observed to contribute most significantly to the interaction between Z34C and Fc are identical in Z-domain, consistent with the similar affinity with which Z34C and Z-domain bound to mouse IgG2b. Since crystals of IgG2b in complex with Z-domain diffracted to only 3.9 A (data not shown), the effects of the I253D and P307T/Q309L sets of mutations were considered in light of the structure of the Fc-Z34C complex.
The structure suggested how the described mutations could alter binding to Z-domain. As previously stated, I253 present in the P307T, Q309L chain of the heterodimeric mIgG2b Fc was observed to pack between the phenyl ring of F9 and the hydrophobic portion of the R31 sidechain. I253 adopted an identical conformation and similarly engaged Z34C in the structure of the human IgG1 complex (Supplementary Fig. 6c) . Therefore, the introduction of a negative charge upon mutating this residue to aspartate resulted in reduced affinity by perturbing this hydrophobic interaction. However, the mechanism by which the P307T and Q309L mutations enhanced the affinity for Z-domain could be more complex. These mutations did not significantly perturb the backbone conformation of the C H 2 domain, and direct interactions with Z34C were limited. Furthermore, upon structural alignment of the C H 2 domain of wild-type mouse IgG2b to the P307T, Q309L chain of the present structure, not only should the conformation of Q309 present in structure 2RGS be sterically permitted, but it would also be wellpositioned to engage in a hydrogen bond with the side chain of Z34C residue N24. Rather this result could be explained by the observed conformational difference for the Q311 side chain between the wild-type and mutant structures. In one of two chains present in 2RGS, the side chains of Q309 and Q311 were positioned at a distance suitable for a hydrogen bond; in the second chain, x angles of Q311 were only slightly altered (Fig. 3d) . In the structure of the mutant Fc bound to Z34C, the side chain of Q311 was flipped, a change necessary to avoid a clash with Z34C residue N24 (Fig. 3d) . Although unlikely to account fully for the near order of magnitude enhancement in affinity for Z-domain of the P307T, Q309L mouse IgG2b mutant relative to wild-type, it was possible that the Q309L mutation facilitated the conformational adjustment of Q311 necessary for Z34C binding by weakening the interaction between the two residues. Also, P307T, Q309L, or both mutations could exert a subtle effect on backbone flexibility that allowed the EF loop to more easily accommodate binding to peptide, an effect that would not be discernible in a static crystal structure of the Fc region bound to the peptide.
Further work will be required to expand this strategy into other species and IgG isotypes and subtypes since the affinity of the wild-type parental mouse Ab for protein A plays a large part in the ease with which a mutant can be separated based on this technique. However, these considerable efforts may be worthwhile due to the large number of BsAbs in development and the routine use of protein A-based resins for their affinity purification. Likewise, it is possible to use such mutations to prepare bispecific or multispecific Fc fusion molecules.
Materials and methods
Proteins
Mouse IgG2a and IgG2b variants were generated from an antihuman tumor necrosis factor (TNF) mAb (F405L heavy chain subunit molecules) or an anti-respiratory syncytial virus (RSV) mAb (K409R heavy chain subunit molecules). EU numbering of IgG was used throughout this report. Mouse IgG2a and IgG2b heavy chain plasmids were co-transfected with light chain plasmids at a 1:3 molar ratio. Mutations were generated by gene synthesis (Genewiz, Inc.). Proteins were expressed in Expi293 cells (Invitrogen, Inc.) according to the manufacturer's protocol and purified by affinity chromatography using protein G or Ni-NTA resin. BsAbs were produced using the controlled Fab-arm exchange (cFAE) method, according to previously described methods. 8 Proteins were confirmed by SDS-PAGE and size-exclusion chromatography for purity. The extent of bispecific formation was monitored by analytical HIC using a butyl-NPR column (Tosoh Bioscience LLC). Proteins were eluted using a gradient of 20 mM sodium phosphate pH 6.0 containing 1.5 M to 0 M (NH 4 ) 2 SO 4 to quantify the relative population of each species. The Z-domain peptide from staphylococcal protein A having the sequence: VDNKFNKEQQNA-FYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLN-DAQAPK and the Z34C peptide having the sequence: FNMQCQRRFYEALHDPNLNEEQRNAKIKSIRDDC with a disulfide bridge formed between the side chains of C5 and C34 were synthesized (New England Peptide, Inc.) and verified by LC-MS. The concentration of Z-domain was determined using the extinction coefficient at 280 nm of 1490 M ¡1 cm ¡1 . All proteins were stored at 4 C in phosphate-buffered saline pH 7.2 (PBS), unless noted. Z34C used for crystallography was reconstituted from lyophilized powder in 50 mM NaCl, 20 mM HEPES, pH 7.5 and stored at ¡20 C.
Protein A affinity chromatography
To determine the approximate pH at which each IgG molecule eluted from protein A resin, 1 mg of each sample was loaded onto a mAbSelect SuRe column, composed of immobilized tandem protein A-derived Z-domains (GE Healthcare Life Sciences 11-0034-93) in PBS. Proteins were first eluted using a linear gradient from PBS pH 7.2 to 50 mM citrate pH 3.0 over 30 column volumes. For purification, proteins were eluted in a twostep gradient using 50 mM citrate buffer pH 4.0 and 3.4 for IgG2b and pH 4.9 and 3.4 for IgG2a. Elution fractions were assayed by HIC
Isothermal titration calorimetry
ITC experiments were performed at 25 C using a MicroCal VP-ITC calorimeter. Both titrant and injectant were dialyzed in PBS. All titrations were performed analogously, having 20 mM IgG in the cell and 200 mM of Z-domain in the syringe. Each 10 mL injection of Z-domain peptide spanned 20 s, with 5 min spacing between injections. Data were analyzed using Origin software using a 1:1 binding model.
AlphaScreen
Abs were biotinylated using the SureLINK Chromophoric Biotin Labeling kit (KPL Inc.), according to the manufacturer's protocol. His-tagged mouse FcRn was purchased from Sino Biological. Assays were performed in PBS pH 6.0, supplemented with 0.05% (w/v) bovine serum albumin (BSA) and 0.01% (v/v) Tween-20. Note that while BSA can also bind FcRn, this concentration was » 0.0005 mg/mL, which was low compared to the concentration of IgG, and binding between BSA and FcRn is non-competitive with IgG. 45 Biotinylated wild-type mouse IgG2b at 1 mg/mL was bound to streptavidin-conjugated donor beads, and His-tagged FcRn at 0.2 mg/mL was bound to nickel-conjugated acceptor beads. Competitor Abs were prepared at 2 mg/ mL and were serially diluted by 3-fold for each point. Luminescence between 520-620 nm was recorded using an EnVision plate reader (Perkin Elmer). Data were analyzed using Prism 6.01 software (GraphPad Software, Inc.) and fitted using a 4-parameter competition model, as described previously. 46 
Pharmacokinetics studies
Abs were targeted against either anti-respiratory syncytial virus (RSV) F-glycoprotein (P307T, Q309L mutants and parental Abs), or anti-human TNF (I253D mutants and parental Abs) so that there would be no target-mediated internalization, which would confound the PK analysis. The test Abs were injected into C57BL/6 mice intravenously via tail vein at a dose of 10 mg/kg with 6 animals per group. Two sets of animals were used for each test Ab and time points were taken at 30 min, 1 d, 7 d, 21 d and at 1 h, 3 d, 14 d, and 21 d. Serial retro-orbital bleeds were obtained from CO 2 -anesthesized mice at the indicated time points and terminal bleeds were taken by cardiac puncture. After 30 min at room temperature, blood samples were centrifuged at 3,000 X g for 15 min and serum collected for analyses. The PK study was approved by the Institutional Animal Care and Use Committee at Janssen Research & Development, LLC. For detection of the mouse test Abs in mouse sera, an electrochemiluminescent immunoassay was used. Streptavidin Gold multi-array 96-well plates (Meso Scale Discovery) were coated for 2 h on a shaker with 50 mL/well of 2 mg/mL of recombinant TNF (R&D systems) for anti-TNF Abs or recombinant RSV-F glycoprotein (Sino Biological) for anti-RSV Abs. Plates were then washed with Tris-buffered saline supplemented with 0.05% (v/v) Tween-20. Serum samples and standards were diluted in 1 X PBS supplemented with 2% (w/v) BSA, 0.5% (v/v) Tween-20, added to plates and incubated for 2 hours on a shaker at room temperature. Bound Ab was detected using a ruthenium-labeled goat anti-mouse IgG, Fc specific (Mesoscale Discovery cat. # R32AC) at 2 mg/mL for 2 h on a shaker. Plates were washed, 200 mL Read Buffer T (Meso Scale Discovery) was added per well, and plates were read on the MSD Sector Imager 6000. Serum concentrations of the Abs were determined from a standard curve using a 5-parameter non-linear regression program in Prism 7 software. For the estimation of terminal Ab half-life, a non-compartmental model was used and calculated as: t 1/2 D 0.693 / slope. 47 The terminal half-life value for an Ab was determined by taking the average of the t 1/2 values calculated for each animal within the test group.
Crystallization and structure determination Z34C peptide was added to recombinant heterodimeric Fc at a 2.2:1 (Fc dimer) molar ratio. Following a 5 h incubation at room temperature, the sample was concentrated to 13.7 mg/mL in buffer containing 50 mM NaCl, 20 mM Tris, pH 8.0. Crystallization experiments employing the sitting drop vapor diffusion method were performed at room temperature using a Mosquito liquid handling robot (TTP Labtech, Ltd). 300 nL drops comprising protein stock and reservoir solution mixed at a 1:1 (v/v) ratio were set up in Corning 3550 plates. Diffraction quality crystals were grown at 20 C and were obtained with a reservoir solution comprising 17% (w/v) PEG 3350, 0.2 M LiCl, 0.1 M Tris, pH 8.0. Crystals were cryo-protected with reservoir solution supplemented with 20% (v/v) glycerol and flash frozen in liquid nitrogen prior to data collection. Diffraction data were collected at the Advanced Photon Source IMCA-CAT beamline 17-ID equipped with a Dectris Pilatus 6M pixel array detector and processed to 2.7 A with the program XDS. 48 Initial phases were determined by molecular replacement with the program Phaser 49 using a crystal structure of mouse IgG2b Fc (PDB ID 2RGS 50 ) as a search model. The structure of Z34C from PDB 1L6X 38 was subsequently manually docked into available 2Fo-Fc and Fo-Fc electron density followed by additional rounds of rebuilding and refinement using the programs Coot 51 and Phenix, 52 respectively. Data collection and final refinement statistics are given in Table 3 . Analysis of contacts was performed using the program NCONT as implemented in the CCP4 suite of crystallographic programs 53 using a cutoff distance of 5 A . For comparison to other structures, alignments with performed with either the program LSQMAN 54 or PyMol (www.schro dinger.com/pymol). Figures were generated with PyMol.
Accession codes
The atomic coordinates and structure factors have been deposited in the Protein Data Bank with accession code 5UBX.
Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed. 
